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ABSTRACT
We report results from a Giant Metrewave Radio Telescope (GMRT) monitoring campaign on the
black hole X-ray binary V404 Cygni during its 2015 June outburst. The GMRT observations were
carried out at observing frequencies of 1280, 610, 325 and 235 MHz, and extended from June 26.89 UT
(a day after the strongest radio/X-ray outburst) to July 12.93 UT. We find the low-frequency radio
emission of V404 Cygni to be extremely bright and fast-decaying in the outburst phase, with an
inverted spectrum below 1.5 GHz and an intermediate X-ray state. The radio emission settles to a
weak, quiescent state ≈ 11 days after the outburst, with a flat radio spectrum and a soft X-ray state.
Combining the GMRT measurements with flux density estimates from the literature, we identify a
spectral turnover in the radio spectrum at ≈ 1.5 GHz on ≈ June 26.9 UT, indicating the presence of a
synchrotron self-absorbed emitting region. We use the measured flux density at the turnover frequency
with the assumption of equipartition of energy between the particles and the magnetic field to infer
the jet radius (≈ 4.0 × 1013 cm), magnetic field (≈ 0.5 G), minimum total energy (≈ 7 × 1039 ergs)
and transient jet power (≈ 8× 1034 erg s−1). The relatively low value of the jet power, despite V404
Cygni’s high black hole spin parameter, suggests that the radio jet power does not correlate with the
spin parameter.
Keywords: radiation mechanisms: non-thermal — relativistic processes — black hole physics — stars:
individual (V404 Cygni)
1. INTRODUCTION
Black hole X-ray binaries (BHXBs) are systems
in which a black hole accretes matter from a low
mass (M ≈ M⊙) Roche lobe-filling companion (e.g.
Remillard & McClintock 2006). BHXBs have very dif-
ferent X-ray properties, in terms of luminosity and spec-
tral shape, depending on their state. Typical BHXBs
spend most of their time in a quiescent state, with
a low X-ray luminosity ≈ 1030.5 − 1033.5 erg s−1, i.e.
. 10−5LEdd, and a non-thermal, “hard” X-ray spectrum.
They are believed to go into an outburst state when the
accretion rate increases by a few orders of magnitude,
e.g., when an instability is triggered in the accretion
disk (e.g. Remillard & McClintock 2006; Fender & Gallo
2014). The outburst states contain both a thermal and
a non-thermal X-ray component, and are usually classi-
fied as “hard” (low luminosity, dominated by the non-
thermal component), “soft” (high luminosity, dominated
by the thermal component), and “very high” or “steep
power law” (high luminosity, containing both thermal
and non-thermal components, and with a steep pho-
ton index, ≈ 2.5) (e.g. Remillard & McClintock 2006;
Belloni & Motta 2016).
Radio emission from BHXBs is believed to arise from
jets, and to be closely connected to the black hole accre-
tion properties (e.g. Fender & Gallo 2014). Weak, flat-
spectrum radio emission is sometimes seen in the low-
accretion, quiescent state of a BHXB, probably arising
from a steady compact jet. As the accretion rate in-
creases, and a BHXB moves from quiescence to the low-
hard state, the radio emission steadily increases while
retaining its flat spectrum (Fender 2006). In the low-
hard state, a remarkable correlation between radio and
X-ray luminosities has been seen over more than three or-
ders of magnitude in X-ray luminosity (e.g. Corbel et al.
2008, 2013), although recent observations suggest the
possibility of two separate tracks in this correlation
(Fender & Gallo 2014) This can be naturally explained
in a “jet-accretion coupling” scenario where the X-ray
emission arises from a hot accretion flow, while the radio
emission stems from relativistic electrons in a jet (Fender
2006). The spectrum remains flat at GHz frequencies in
the low-hard state, probably due to self-absorption by
moderately relativistic electrons at different radii (e.g.
Foster et al. 1996).
When the X-ray luminosity crosses ∼ 1037 erg s−1,
BHXBs typically transition from a low-hard state to a
high-soft state, dominated by thermal X-ray emission.
This transition phase is marked by the brightest ra-
dio flares (e.g. Fender & Gallo 2014). This has been
explained as arising due to a transition from a state
with a steady radio jet to one with no jet, possibly
with a transient increase in the jet Lorentz factor that
gives rise to shocks within the flow, and hence, to in-
creased radio emission (Fender et al. 2004). In such out-
bursts, discrete expanding radio-emitting regions have
been observed on either side of the central BHXB (e.g.
Mirabel & Rodr´ıguez 1994; Tingay et al. 1995). The ra-
dio spectrum at frequencies above a few GHz evolves
from optically-thick to optically-thin, perhaps due to an
expanding emission region (van der Laan 1966). Finally,
when the BHXB enters the high-soft state, the radio
emission significantly reduces, suggesting that the radio
jet is no longer active.
A critical ingredient in estimating the total jet power
in an outburst is the “break frequency” at which the jet
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Table 1
Details of the GMRT observations of V404 Cygni
Mean date of MJD Days since Central No. of On-source Resolution RMS noise Flux densitya
obsn. (UT) outburstb frequency (MHz) antennasc time (m) (′′×′′) mJy mJy
2015 June 26.89 57199.89 11.12 1280 14 90 2.4× 2.0 0.25 739± 77
2015 June 26.89 57199.89 11.12 610 12 90 13.0× 6.8 0.51 470± 49
2015 June 26.89 57199.89 11.12 235 12 90 13.2× 10.7 2.6 188± 27
2015 June 27.96 57200.96 12.19 325 28 120 10.5× 9.6 0.42 232± 23
2015 July 01.93 57204.93 16.16 1280 10 186 3.8× 3.3 0.06 6.39 ± 0.67
2015 July 01.93 57204.93 16.16 610 15 180 6.1× 5.2 0.12 8.88 ± 0.94
2015 July 01.93 57204.93 16.16 235 13 180 12.6× 10.6 1.5 13.4± 2.4
2015 July 07.04 57210.04 21.27 1280 13 55 3.7× 2.7 0.07 0.78 ± 0.13
2015 July 07.04 57210.04 21.27 610 14 54 12.0× 7.0 0.25 < 0.75
2015 July 07.04 57210.04 21.27 235 11 54 26.0× 13.6 3.7 < 11.2
2015 July 11.02 57214.02 25.25 1280 13 96 4.6× 3.1 0.09 0.52 ± 0.14
2015 July 11.02 57214.02 25.25 610 12 97 22.7× 7.1 0.20 < 0.60
2015 July 12.65 57215.65 26.88 610 26 68 9.7× 5.2 0.10 0.66 ± 0.24
2015 July 12.65 57215.65 26.88 235 24 38 21.1× 11.5 1.6 < 4.7
2015 July 12.93 57215.93 27.16 1280 13 180 2.9× 2.7 0.07 0.52 ± 0.12
2015 July 12.93 57215.93 27.16 610 14 180 7.4× 5.8 0.12 0.50 ± 0.19
a The quoted errors include measurement errors, and uncertainties in the flux density scale and in the ratio of the system temperatures
on V404 Cygni and the flux calibrators. The upper limits are at 3σ significance.
b Days since the outburst on 2015 June 15.77 UT (MJD 57188.77).
c The number of working GMRT antennas at the observing frequency.
transitions from being optically-thick to optically-thin.
Unfortunately, few BHXB outbursts have simultaneous
monitoring over a sufficiently wide range of radio fre-
quencies close to an outburst peak to accurately mea-
sure the break frequency. This is especially difficult at
high frequencies, where the transition to optically-thin
behaviour arises at very early times, soon after the out-
burst. Most estimates of jet power are hence based on
single-frequency radio observations, with an assumed low
frequency spectral shape; this could imply systematic er-
rors in the jet power estimates.
V404 Cygni is a low-mass BHXB consisting of a black
hole of mass 9.0 M⊙, accreting material from a low-mass
(< 1 M⊙), late-type companion star (Khargharia et al.
2010). It has the longest orbital period of all known
BHXBs. Due to its proximity (distance ≈ 2.39 kpc;
Miller-Jones et al. 2009) and high luminosity, V404
Cygni is an excellent test-bed to study BHXB accre-
tion and is hence regularly monitored for variability. The
X-ray monitoring of V404 Cygni revealed a major out-
burst on 2015 June 15.77 UT (e.g. Barthelmy et al. 2015;
Negoro et al. 2015; Kuulkers et al. 2015). This led to ex-
tensive follow-up monitoring at all available wavebands,
and the discovery of a radio outburst ten days after the
initial X-ray transient. Further, a search of archival data
with the 2-m Faulkes Telescope North revealed an op-
tical precursor one week prior to the X-ray outburst
(Bernardini et al. 2016). An optical spectrum obtained
13 hours prior to the Swift-BAT outburst found spectral
lines typical of an accretion disk.
In this article, we present simultaneous Giant Metre-
wave Radio Telescope (GMRT) multi-frequency moni-
toring observations of V404 Cygni during the June 2015
event, which allow us to estimate the break frequency
within a day of the strongest radio outburst, and hence
to estimate the transient jet power. In §2, we detail the
observations and data analysis. Our results and inter-
pretations are discussed in §3.
2. OBSERVATIONS AND DATA ANALYSIS
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Figure 1. The GMRT light curves of V404 Cygni at 1280 MHz
(red circles), 610 MHz (green squares) and 235 MHz (blue dia-
monds). The downward-pointing arrows indicate 3σ upper limits
on the source flux density, in cases of non-detections.
Our GMRT monitoring of V404 Cygni began on 2015
June 26.89 UT, with the GMRT antennas split into two
sub-arrays, consisting of sixteen antennas tuned to an ob-
serving frequency of 1280 MHz (with two polarizations)
and the remaining fourteen antennas tuned to the dual
610/235 mode, with observing frequencies of 610 MHz
and 235 MHz in the right and left circular polarizations,
respectively. This setup was repeated for the observa-
tions of 2015 July 01.93 UT and July 07.04 UT. We also
observed V404 Cygni on June 27.96 UT at 325 MHz, us-
ing the full polar mode, and on July 12.65 UT with the
above dual 610/235 mode. Finally, our observations on
July 11.02 UT and July 12.93 UT used two sub-arrays,
with 16 antennas tuned to 1280 MHz and 14 antennas
tuned to 610 MHz, both with two polarizations.
All observations used the GMRT Software Backend as
the correlator, with a bandwidth of 33.3 MHz divided
into 256 channels, and with 2 second integrations. Ob-
servations of the standard calibrators 3C48 or 3C295 at
the start and/or the end of the run were used to calibrate
the flux density scale and the antenna passband shapes.
The compact sources J1924+3329 and J2015+3710 were
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Figure 2. The measured flux density of V404 Cygni on 2015 June
26 UT, at 1280, 610 and 235 MHz, in 15-minute bins, plotted versus
time. Here, the dashed lines are the average flux densities at the
given frequencies from the full observing run. The figure shows no
evidence for statistically-significant intra-epoch variability.
used as phase calibrators, and observed for 6 minutes be-
fore and after each 30-minute scan on the target source.
The initial data editing and calibration used the flag-
cal software pipeline developed for automatic flagging
and calibration of GMRT data (Prasad & Chengalur
2012). Following this, the analysis used standard proce-
dures for widefield imaging and self-calibration in “clas-
sic” AIPS. The flux densities of V404 Cygni at the dif-
ferent observing frequencies were estimated via a single-
Gaussian fit to a small region centred on the source in
each image, using the AIPS task jmfit.
The original GMRT observations used automatic level
controllers (ALCs) to keep the input power levels of the
correlator constant. One has to then correct for the fact
that antenna gains are inversely proportional to the sys-
tem temperature, which may be different for different
sources. The correction factors were estimated in April
and May 2017 by measuring the ratio of system tem-
peratures on V404 Cygni and the flux calibrators with
the ALCs switched off. This yielded correction factors
of 0.993 ± 0.032 (1280 MHz), 1.056 ± 0.030 (610 MHz),
1.486±0.079 (325 MHz) and 1.36±0.14 (235 MHz). The
measured flux densities from jmfit were scaled by the
above correction factors to obtain the final flux densities
at each frequency.
The uncertainty in the flux densities was estimated by
measuring the flux densities of three random bright point
sources in the field of view at different epochs, at the
same frequency. We find that the flux densities of these
sources at different epochs match within ≈ 10% and in-
fer that systematic errors contribute an uncertainty of
≈ 10% to our flux density estimates. Our final errors on
the flux density of V404 Cygni were obtained by sum-
ming (in quadrature) the measurement error from the
single-Gaussian fits and the two sources of systematic er-
ror in the flux density scale, ≈ 10% from the flux density
variations between epochs and ≈ 3 − 10% from the cor-
rections for the different system temperatures between
V404 Cygni and the calibrators. Table 1 lists the details
and the results of the various GMRT observations.
We searched for intra-epoch variability on time scales
of ≈ 15 − 30 minutes in the two epochs immediately
after the outburst of June 25. For the run on June 26,
this was done by splitting each visibility dataset (at each
frequency) into 15-minute chunks, and then carrying out
the imaging and self-calibration procedure for each 15-
minute piece independently. For the 325 MHz observing
run on June 27, the search for variability was carried
out on time scales of 30 minutes. The flux densities of
V404 Cygni from the different 15 − 30 m intervals were
found to be consistent (within ≈ 1σ significance) with
each other. No evidence for intra-observation variability
in V404 Cygni was seen in the GMRT data at any epoch.
3. RESULTS AND DISCUSSION
Our GMRT monitoring of V404 Cygni began on
June 26.89 UT, 11.08 days after the first major X-ray
outburst of June 2015, and within a day of the bright-
est X-ray flare (on June 25.93 UT; Segreto et al. 2015;
Trushkin et al. 2015b; Radhika et al. 2016). Fig. 1 shows
the GMRT light curves of V404 Cygni at 235, 610 and
1280 MHz. The radio emission was found to be very
bright at the first epoch, followed by a rapid decline at all
three frequencies, with the decline steepest at 1280 MHz
and slowest at 235 MHz. The 1280 MHz flux density de-
creases by a factor of ≈ 100 within ≈ 4 days of our first
observing epoch, while the 610 and 235 MHz flux densi-
ties decrease by factors of ≈ 50 and ≈ 15, respectively,
over the same period.
Fig. 3[A] plots the spectrum of V404 Cygni at three
representative epochs, June 26.89 UT, July 01.93 UT,
and July 12.93 UT, ≈ 11, 16, and 27 days after the orig-
inal outburst. A change in the spectral shape is clearly
present, in addition to the decline in the flux density
with time. Fig. 3[B] and Table 2 show the temporal evo-
lution of the spectral index α (defined by Sν ∝ ν
α, where
Sν is the flux density at the frequency ν), evaluated be-
tween 235 MHz and 610 MHz (α(235/610)), and 610 MHz
and 1280 MHz (α(610/1280)). The spectrum is clearly in-
verted on June 26.89 UT, with positive spectral indices,
α(610/1280) = 0.61± 0.20 and α(235/610) = 0.96± 0.19, in-
dicating that the radio outburst is in the optically-thick
regime at the GMRT frequencies. Further, the fact that
α(610/1280) < α(235/610) suggests that the spectrum is
likely to turn over at frequencies slightly above 1.28 GHz.
The spectrum is much flatter by July 01.93 UT, with
α(610/1280) = −0.43±0.22 and α(235/610) = −0.44±0.20.
The spectrum remains flat at later epochs, with a decline
in the flux density.
The X-ray monitoring of V404 Cygni during June and
July 2015 is discussed in detail by Radhika et al. (2016)
and Plotkin et al. (2017). Radhika et al. (2016) find that
V404 Cygni was in the hard X-ray state for ≈ 3 days after
the initial outburst of June 15.77 UT, then in an interme-
diate state for 9 days, before moving into the soft state on
around June 27 UT. The bright radio flares of June 19,
June 22 and June 25 all arise during the intermediate
state. Plotkin et al. (2017) find that the X-ray spectrum
continued to soften during July, with an X-ray luminos-
ity that decreased (albeit non-monotically) with time.
The first epoch of GMRT monitoring of June 26.89 UT
was thus in the intermediate X-ray state, while all later
GMRT epochs were in the soft state. This is consistent
with the observed change in the GMRT spectral index,
from highly inverted at the first epoch (due to the tran-
sient radio jet or ejected plasmon being in the optically-
thick regime at the low GMRT frequencies) to flat at
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Table 2
Evolution of the spectral index in V404 Cygni at various epochs
Mean date of MJD Days since Spectral index Spectral indexa
obsn. (UT) outbursta α235/610
b α610/1280
b
2015 June 26.89 57199.89 11.12 0.96± 0.19 0.62± 0.20
2015 July 01.93 57204.93 16.16 −0.43± 0.22 −0.44± 0.20
2015 July 11.02 57214.02 25.25 · · · > −0.19
2015 July 12.65 57215.65 26.88 > −2.07 · · ·
2015 July 12.93 57215.93 27.16 · · · 0.13± 0.56
b Days since the outburst on 2015 June 15.77 UT (MJD 57188.77).
a Here α235/610 is the spectral index between 235 MHz and 610 MHz and
α610/1280 is the spectral index between 610 MHz and 1280 MHz.
later epochs, when V404 Cygni was in the soft state.
Fig. 2 shows the flux densities measured at our three
observing frequencies over different 15-minute intervals
during our ≈ 2.5-hour observing run of June 26. We
note that the error bars on each measurement include
the systematic errors on the flux scale discussed in the
previous section. No evidence for intra-epoch variability
is apparent in the data, over the ≈ 2.5 hour duration of
the GMRT observations.
Fig. 4 shows the spectrum of V404 Cygni obtained from
near-simultaneous (within ≈ 0.1 days) measurements be-
tween 235 MHz and 140.5 GHz on ≈ June 26.9 UT. Be-
sides the low-frequency GMRT data (on June 26.89 UT),
the figure includes high-frequency flux density esti-
mates from the RATAN-600 telescope (at 2.3, 4.6, 8.2,
11.2 and 21.7 GHz, on June 26.93 UT; Trushkin et al.
2015a,b) and from the NOrthern Extended Millimeter
Array (NOEMA; at 97.5 GHz and 140.5 GHz, on June
27.00 UT; Tetarenko et al. 2015). It should be em-
phasized that the different observations are at slightly
different observing times, within a ≈ 2 hour period;
the GMRT and the RATAN-600 observations overlap
with each other, while the NOEMA observing session
took place slightly later. While no evidence was ob-
tained for variability in the GMRT data over a sim-
ilar observing period (see Fig. 2), we cannot rule out
the possibility of variability in the high-frequency data
on similar timescales. For example, Tetarenko et al.
(2017) find evidence of far more short-term variability
at high frequencies (& 200 GHz) than at low frequen-
cies (. 30 GHz), during a simultaneous multi-frequency
monitoring campaign. The possibility of high-frequency
variability should be treated as a caveat in the results
below. However, the RATAN-600 high-frequency obser-
vations overlap with the GMRT run, and very similar
results are obtained on excluding the higher-frequency
NOEMA data, which are more offset in time, from our
analysis.
The spectrum of Fig. 4 shows clear evidence for a
spectral turnover below ≈ 1.5 GHz. Interestingly, the
RATAN-600 measurements at ≈ 2.3 GHz and ≈ 4.6 GHz
suggest that there may be an additional spectral turnover
at ≈ 3 GHz, followed by a rise in the spectrum at
. 2 GHz. We emphasize that the evidence for this second
turnover is quite tentative, since it is effectively based on
a single RATAN-600 2.3 GHz data point. If correct, the
second turnover would suggest that the radio emission
arises from two synchrotron self-absorbed regions, per-
haps due to two separate radio outbursts.
Most attempts to separate between the two stan-
dard mechanisms for radio jet launching and colli-
mation, the Blandford-Znajek “spin-powered” model
(Blandford & Znajek 1977) and the Blandford-Payne
“accretion-powered” model (Blandford & Payne 1982)
are based on the expected correlation between the to-
tal jet power and the black hole spin parameter in the
former class of models. Tentative claims, using a hand-
ful of BHXBs, have been made for a relation between the
transient jet ejection energy or luminosity and the black
hole spin (e.g. Fender et al. 2010; Narayan & McClintock
2012; Steiner et al. 2013), but it has also been argued
that no single relation exists between the transient jet
power and the spin parameter (Russell et al. 2013).
An estimate of the flux density at the turnover fre-
quency between the optically-thick and optically-thin
regimes can be used, along with assumed equiparti-
tion between the particle energy and the magnetic field
energy, to determine the radius R of the radio jet,
the magnetic field strength B, and the total jet power
in a radio flare (e.g. Pacholczyk 1970; Chevalier 1998;
Barniol Duran et al. 2013). Of course, the data of
June 26.9 UT indicate two synchrotron self-absorbed re-
gions, with two turnover frequencies. However, there is
only a single flux density measurement in the trough be-
tween the two peaks, and the shape of the spectrum is
not well constrained. We hence chose to fit the spectrum
with a function of the form
fν =


fpk
(
ν
νpk
)α
, ν < νpk
fpk
(
ν
νpk
)−β
, ν > νpk ,
(1)
Our best-fit model, with reduced χ2 = 0.92, yields
power-law indices α = 0.81 ± 0.10, β = 0.71 ± 0.03, a
turnover frequency of νpk = 1.78± 0.14 GHz, and a flux
density fpk = 1009± 58 mJy at the turnover frequency.
This fit is indicated by the solid line in Fig. 4. We note, in
passing, that all the flux density measurements between
235 MHz and 140 GHz, except for the 2.3 GHz data
point, appear well-fit by our simple model; this suggests
that high-frequency variability is unlikely to be a serious
issue.
A critical question in the “equipartition method” is
whether the outflowing plasma is moving at relativistic
speeds (e.g. Barniol Duran et al. 2013). In the case of
BHXBs, typical estimates of the bulk Lorentz factor Γ lie
in the range Γ ≈ 1− 2 (e.g. Hjellming & Johnston 1981;
Hjellming & Rupen 1995). Indeed, for V404 Cygni, the
bulk speeds of multiple early outflows in the June 2015
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Figure 3. [A] GMRT spectra of V404 Cygni at three different epochs (June 26 in red circles, July 1 in blue squares, and July 12 in green
diamonds), showing the temporal evolution of the radio spectrum (using data with two or more detections from Table 1). [B] Evolution of
the spectral index of V404 Cygni, between 235 and 610 MHz (red circles), and 610 and 1280 MHz (blue squares).
outburst have been found to be low, Γ ≈ 1 − 1.3
(Tetarenko et al. 2017). We will hence assume that the
outflowing plasma is moving non-relativistically, using
the Newtonian expressions (Barniol Duran et al. 2013)
to estimate R, B, and the minimum total energy EEq.
We note the caveat that it is possible that the jet speeds
were variable in the ejections (e.g. Tetarenko et al. 2017),
which would affect the estimates below.
Assuming a self-absorbed synchroton-emitting plasma
in a non-relativistic outflow with a power-law distribu-
tion of electron energies with a spectral index p > 2,
we use equations (16) and (19) of Barniol Duran et al.
(2013) and the known distance to V404 Cygni (2.39 kpc;
Miller-Jones et al. 2009) to estimate R, B, and EEq from
the values of fpk and νpk. This yields R ≈ 4.0×10
13 cm,
B ≈ 0.25 G and EEq ≈ 1.7 × 10
39 erg. The estimated
jet radius during the outburst phase is similar to the
size of the quiescent radio jet in V404 Cygni, . (4.5 −
5.0) × 1013 cm (Miller-Jones et al. 2008; Plotkin et al.
2017). Note that assuming Γ ≈ 2 or including a second
synchrotron self-absorbed component would not signifi-
cantly increase the energy estimate.
The above estimate of the minimum total energy as-
sumes that all the particle energy is in the electrons,
which is unlikely to be the case (e.g. Barniol Duran et al.
2013). In the case of shock-heated gas, observations sug-
gest that the energy in hot protons is likely to be about an
order of magnitude larger than that in the electrons (e.g.
Panaitescu & Kumar 2002; Barniol Duran et al. 2013).
Assuming that the energy in the protons is ten times
larger than that in the electrons yields a total minimum
energy of EEq ≈ 7× 10
39 erg and an equipartition mag-
netic field of B ≈ 0.5 G.
To estimate the minimum jet power in the flare from
the minimum total energy EEq, we need to know the
time ∆t since the onset of the flare. The brightest X-
ray flare from V404 Cygni in the June 2015 outburst
occurred on June 25.93 UT, approximately a day before
our first GMRT observations, and this was accompanied
by a radio outburst detected with the RATAN-600 tele-
scope (Trushkin et al. 2015a,b). We hence assume that
∆t ≈ 1 day, to obtain a total minimum jet power of
Pjet ≈ 8 × 10
34 erg s−1, again assuming that the energy
in hot protons is an order of magnitude larger than that
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Figure 4. The radio spectrum of V404 Cygni on ≈
2015 June 26.9 UT. The flux density estimates are from the
GMRT (red circles, this work), the RATAN-600 dish (blue squares;
Trushkin et al. 2015a,b) and the NOEMA array (green diamonds;
Tetarenko et al. 2015).
in electrons.
The mass of the black hole in V404 Cygni is 9.0M⊙
(Khargharia et al. 2010), implying an Eddington lumi-
nosity of LEdd ≈ 1.13× 10
39 erg s−1. The ratio of tran-
sient jet power to Eddington luminosity is thus quite
low for the brightest flare of the June 2015 outburst,
Log[Pjet/LEdd] ≈ −4.2. Similarly low jet powers were
obtained for V404 Cygni in the June 2015 outburst
by Tetarenko et al. (2017), based on their simultaneous
multi-frequency observations of June 22.
The black hole spin of V404 Cygni has recently been es-
timated to be a∗ > 0.92 via reflection modelling of NuS-
tar X-ray data (Walton et al. 2017) on the June 2015 out-
burst. While V404 Cygni’s spin parameter estimate lies
at the upper end of the distribution of known BHXB spin
parameters, it can be seen from Fig. 1 of Russell et al.
(2013) that our estimate of the transient jet power for the
flare of June 25 is the lowest of the transient jet power
estimates. Our results for V404 Cygni support earlier
studies that suggest that the jet power does not corre-
late with the black hole spin parameter (e.g. Fender et al.
2010; Russell et al. 2013). However, we note that V404
Cygni may well be a unique BHXB, with results for this
system non-canonical in nature.
The radio emission of V404 Cygni has been found to
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show rapid intra-day variability in the quiescent state
(e.g. Rana et al. 2016; Plotkin et al. 2017). For example,
Plotkin et al. (2017) found evidence of strong intra-day
variability in the last of their VLA monitoring sessions,
on August 5, 2015, weak evidence of variability (at ≈ 4σ
significance) on August 1, 2015, and no evidence of vari-
ability on July 28, 2015. We find no evidence of such
intra-day variability in our observations of June 26 and
27, within two days of the outburst of June 25.93 UT.
Interestingly, Tetarenko et al. (2017) found much more
temporal structure in their high-frequency (& 200 GHz)
data than in their low-frequency (. 30 GHz) data, in a
simultaneous monitoring campaign covering 5−666 GHz
on June 22 UT. The low-frequency light curves appeared
to be smoothed, delayed versions of the high-frequency
light curves, consistent with a model of multiple expand-
ing jet ejection events (Tetarenko et al. 2017). Our non-
detections of variability in the low-frequency GMRT data
on June 26 UT and later epochs are also consistent with
such a model.
In summary, we report low-frequency GMRT moni-
toring of the BHXB V404 Cygni over June 26.89 UT
to July 12.93 UT, 2015, beginning a day after the
strongest X-ray and radio flare in the June 2015 out-
burst. The spectrum shows clear evidence of synchrotron
self-absorption on ≈ June 26.9 UT, with two peaks be-
tween ≈ 1.5 − 3 GHz, suggesting two self-absorbed re-
gions, perhaps arising from two outbursts. The low-
frequency radio spectrum flattens at later times, as V404
Cygni moves to the quiescent state. Assuming energy
equipartition between the particles and the magnetic
field, and a non-relativistic outflow, we infer a jet radius
of ≈ 4.0 × 1013 cm, a magnetic field of ≈ 0.5 G, and a
total (minimum) jet power of ≈ 8× 1034 erg s−1, assum-
ing that the bulk of the particle energy is in hot protons.
Our estimate of the transient jet power is relatively low,
Log[Pjet/LEdd] ≈ −4.2, despite the high black hole spin
parameter, supporting earlier results that the radio jet
power does not correlate with the spin parameter.
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